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Abstract   
Well abandonment is a key issue considering the long term integrity of CO2 storage sites. In this study, we model the mechanical 
status of a well prior its abandonment to identify any zone of weakness that may affect the well integrity allowing unexpected 
fluids migration. We first state on wellbore stresses just after drilling and completion using a 2D reservoir model. Then, we 
model in 3D the stress evolution at wellbore considering pore pressure fluid variations. The final state of stress of each material is 
then compared to its failure envelop to assess the risk of having damaged materials. 
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1 Introduction 
Carbon Capture and Storage (CCS) can contribute to reduce anthropic CO2 emissions to the atmosphere during 
the energy transition period in order to mitigate with global warming effects. Indeed huge amount of CO2 must be 
stored as re-utilization opportunities remain limited up to now. Suitable underground geological structures (traps) 
must be identified and characterized prior to be exploited during a couple of decades as their storage capacities are 
limited. After this period of time, the storage site is first closed to be later abandoned. The closure and post-closure 
phases constitute the last steps of a CCS project deployment. They have to be prepared and monitored to satisfy both 
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the safety and efficiency requirements of underground storage of CO2 as defined in the European Directive (EU 
Directive 2009/31/EC).  
In the frame of the CO2CARE European project, we worked at modeling the mechanical stress status of  a well 
prior to its abandonment. The aim, of this mechanical study, is to be able to identify any zone of mechanical 
weakness in term of well integrity that could contribute to unexpected fluids migration and at worst leakage outside 
the CO2  storage after its closure. Identification of such zones could lead to revisit and to adapt the well abandonment 
procedures if necessary. To develop a useful methodology, we have worked on a series of cases representative of 
CO2 underground storage sites scenarios: two underground saline aquifers with different petrophysical conditions 
and two depleted gas reservoirs with different reservoir pressure and production history. In the scope of the 
mechanical study, we only consider the geomechanical issues although it will be mandatory  to consider as well the 
geochemical ones. Geochemical issues associated with CO2 underground storages in saline aquifers have been taken 
into account in another study undergone in the CO2CARE project Estublier et al. [1, 2], while other partners 
developed a laboratory apparatus to characterize brine flow with and without CO2 in a cement wellbore micro 
annulus under different reservoir conditions (Syed et al. [3]). All these studies aim at delivering tools and methods 
to safely deploy CCS.  
In this paper, we focus on the modeling issues to evaluate the effective stress at wellbore in the case of a depleted 
gas reservoir reconverted to CO2 storage. We aim at modeling the whole life of the well to be able to estimate if 
damage may have occurred during a particular stage and at a particular depth along the well path (e.g. during natural 
gas production prior to the CO2 storage phase). The major steps to consider in the approach are reported in Fig. 1. 
Field data are mandatory to properly model the well loading history in the storage context for each different step but 
some, as the initial effective stresses, are most of the time difficult to estimate or measure. A lot of works were 
achieved in the 90’s to try to quantify the in situ stresses using minifrac operations or anelastic strain recovery 
measurements with more or less success at least. When achieved, modeling the mechanical status of the well helps 
at designing the abandonment procedure and its associated monitoring plan. Quality Control data (QC data) can be 
measured for verification and validation. After abandonment, the monitoring plan is operated to detect any deviation 
from predictions and to remediate if necessary. Such a monitoring approach is coherent with- the workflow 
proposed during the storage phase (Deflandre et al. [4]) and completes it. 
2 Methodology 
2.1 Partial state of arts 
Several authors have studied part of the overall problem. Focus on some important steps is proposed here. Jiang 
et al. [5], investigate in their paper the borehole stability (open hole), with the modeling of the drilling step to 
compute the resulting in situ stresses and identify zones with tensile and shear damages. The rock is modeled as 
non-porous and  with an elasto-plasticity behavior (built from experimental data) in a numerical model (FLAC), and 
the model comprise only a small length of the well. 
Thiercelin, [6], focus on the cement behavior, and more precisely the stress induced in cement due to the casing 
deformation (due to pressure and temperature change inside the borehole). The main objective of the paper is to 
propose the best cement to avoid failure or debonding. The modeling is done in a plane strain assumption (this is not 
really good for the casing as its axial deformation is not prevented at surface) in the finite element code CESAR, and 
no internal stress is taken into account for the cement: the curing phase is ignored. Connell, [7], proposes a state of 
art regarding work on Integrity of Wellbore Cement in CO2 Storage Wells. The dominant potential leakage path for 
CO2 is identified to be along interfaces between cement and rock or cement and casing, rather than inside cement 
(Carey, [8]). Hence the controlling factors of leakage are width, roughness and connectivity of interfaces that may 
evolve with time as fluid flows and dissolution or precipitation that could occur. Despite the good knowledge of 
interface law, one important conclusion is that the knowledge of in situ stress is essential to assess opening or 
closing interface. 
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2.2 Proposed methodology 
The overall problem to be solved is the knowledge of the state of stress suffered by a well over time, this well 
being made of several concentric steel casings bonded together with cement and being not always straight. Pressure 
changes due to production/injection observed in the well and the reservoir layer induce changes in  the distribution 
of the stresses in the whole model. 
To accurately model the stress changes in the well, it is necessary to model the loads it had encountered. There 
are loads of direct and indirect nature. Direct loads are coming from the pressure changes in the well and in the near-
wellbore reservoir, while indirect loads come from the redistribution of stresses in the cap rock and above, following 
the change in pressure in the reservoir layer (Fig. 2). 
 
Fig. 1. Modeling the well mechanical integrity status: workflow with main steps, field data and model parameters 
 
The well being very thin in size (radius, steel thickness, etc.) compared to the size of the reservoir layers, we 
cannot consider to model and mesh the complete field because it would imply a very small mesh size at the well, 
and therefore a prohibitive number of elements. 
 
To overcome this problem, the following methodology should be implemented in this kind of modeling: 
Step 1: A geomechanical modeling of the reservoir should be made at first. In this model the boundaries of the 
model have been set far away from the mechanical solicitation. In this simulation, the effect of the well is negligible, 
only the change in pressure in the reservoir is taken into account so the well is not explicitly described ((a) in Fig. 3). 
Step 2: The projection of the stress tensor S(t) obtained along the well path, in the previous modeling, must be made 
on the borders of the future near-wellbore model. Forces F(t) are then obtained: they represent the boundary 
conditions to be applied to the boundaries of near-wellbore model. 
Step 3: The near-wellbore geomechanical simulation can be performed ((b) in Fig. 3): the model takes into account 
explicitly the pressure and temperature changes in the well, in the reservoir zone (and also the loads variations on 
the borders of the model through F(t)). This model should include the drilling of the well. 
The Step 1 has not be performed in this study because this kind of modeling being quite common, we preferred to 
focus on the other more challenging steps. To validate the methodology, the model used in the simulation (Step 2) 
has been loaded with constant forces on its external boundaries. As a consequence, the results of such simulation 
wouldn't be usable straight away for risk assessment. 
 
In this borehole problem, we mainly focus on the stress determination, and more precisely, the initial stress in the 
cement due to the curing, and he stress increment due to pressure change into the well, and in the reservoir. 
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Fig. 2. Scheme of full scale problem to be solved. 
  (a) (b) 
Fig. 3. Scheme of proposed methodology to solve the problem described in Fig. 2 
3 Modeling 
3.1 The geomechanical model 
With the knowledge of the complete geometry of the well (drilling depth and drill bits diameters for every 
drilling step, casings size, weight, grade and casings depth, cement tops, cements types, depth of main geological 
layers), the model can be built with several separate parts (casings, cement, formation layers…) and the meshing 
step is performed (quite a tedious step because the model has dimensions making it difficult to handle on graphic 
display few meters in width x few kilometers in length). Then, each part is filled with a material defined via (we 
make the assumption of isotropic behavior), its density, its elastic properties (2 parameters, e.g. Young modulus and 
Poisson ratio) or poroelastic ones (2 parameters + Biot’s coefficient), its thermal property (1 parameter). 
For the mechanical loading, pressure evolution history along the inside of the well, at the perforations level (via 
previous calculations) and the history of the temperature (also via previous calculations) are needed. 
The proposed model involves poroelastic behavior laws; it doesn’t take therefore into account the mechanical 
history. Computations are done at several time steps during the well life. 
P(t)
Stress Tensor=S(t)
Well Trajectory
Stress redistribution
Pp(t)
P(t)
S(t).n = F(t)
n Well Trajectory
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Nomenclature 
iniV  initial stress tensor prior to production 
V'  stress increment due to production 
V  generic second-order stress tensor. It represents the stress state in a given material point and it has 9 
components: 
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Static poroelasticity modelings are performed with the degrees of freedom in pressure and temperature imposed. 
Fields of pressure and temperature are supposed to have been previously calculated from available data. Different 
results are delivered. From 2D simulations: stresses iniV  in sections perpendicular to the well, after the well 
creation, prior to the well production. From 3D simulations: the variation of the stress V'  in the model at selected 
time steps of the well life, given by comparison to the initial stress state (after drilling and completion of the well 
prior to the well production). This state is the main unknown, its evaluation is detailed here after. And from post 
processing: the potential damage can be evaluated. 
3.2 Initial stress state determination 
The determination of the initial stress state to put into the model containing the completed well, before taking into 
account the production history, is a problem that is not satisfactorily solved nowadays. This initial stress state 
integrates the stress linked to the geological history of the “area” and also the local stress modification due to the 
drilling and the completion of the well. Here, our objective is to determine an initial stress state which is the one 
after drilling and completion. Many ongoing works address the problem of initial stresses in completed wells; 
although it is critical for completed wells simulations, none of these works solves the whole problem in a 
satisfactory manner. 
To solve this problem, the local geostatic stress before the drilling has to be known. It is characterized by its three 
principal stress components (amplitude and orientation): it is usually assumed that one of the principal stress is the 
vertical one, and it is commonly computed by integration of the density log. The ratios between the horizontal and 
the vertical stresses are usually named kh and kH, and it is current practice to set constant values for them. Constant 
orientation along well, is also usually assumed for horizontal principal stress, although this is not correct. The 
knowledge of this stress can be derived from various methods: during the drilling of the well, information on the 
natural geostatic stress can be obtained by the interpretation of the leak off tests (minimal horizontal stress can be 
derived from leak off pressure monitoring) and/or the analysis of the borehole ovalisation due to stress release after 
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the drilling. Analysis of microseismic events can also lead to an interpretation of geostatic stresses. In the past, we 
worked at using anelastic strain recovery measurements to tackle this challenging problem but we observed that 
main direction of deformation can rotate in a well depending on local stresses and it remains challenging to interpret 
such deformation measurements in term of stresses in such conditions (Deflandre and Grard [9]). 
 
As the well is drilled down, and as several casings are successively run and cemented, initial stresses are 
modified for the modeling, rock materials need to be characterized with laboratory tests on field samples (Jiang et 
al., [5]). Because of the lack of information concerning rock behavior, rocks remain elastic in our model. 
During the cementation, the casing is hold in place hanging from the well-head at surface and the lower section 
of the casing is pushed up by the buoyancy of the lower part of the casing in the slurry (cement grout). The casing is 
therefore subject, during cementation, to axial tensile stresses on the top section, axial compression stresses on the 
bottom section, and to radial stresses due to the fluid pressure on the casing wall. 
During the curing phase, the cement undergoes a transition from a fluid phase to a solid one, and during this 
transition, the stresses distribution in cement, in casing, and in the geological formation changes. Moreover, the 
cement sheath may encounter some shrinkage and thus debonding from casing or formation.  
For our simulation, we propose to identify the depths at which post-processing will be. A 2D geostatic stress 
balancing in horizontal sections of the well at the chosen depths is then performed. At every selected sections the 
balancing is initialized using the vertical stresses computed from: density of overburden, casing weight, etc.; then, a 
simulation is performed to model the static balancing of horizontal stresses induced by drilling, completion, and 
curing of the cement. Therefore, complete geostatic stress balance (in 3D) of the whole structure is not performed. 
This kind of geostatic balancing would be very expensive and not necessarily more accurate in our case, but the 
same methodology can be applied in 3D. 
3.3 3D modeling 
Our 3D modeling is a 3D finite element one where all the materials are elastic and where pressure variations are 
imposed. As a result, we obtained the stress variations V'  due to pressure variations in the whole model. 
3.4 Post-processing 
By adding changes in stress obtained from the 3D modeling to the initial stress (obtained from the 2D modeling), 
and making assumptions about the involved materials failure envelopes, critical stress concentration area could be 
identified if total stress is beyond the failure/damaged envelope. With multiple simulations, the impact of some 
parameters, and possibly the impact of boundary conditions, could be quantified. To analyze interface stress, the 
stress tensor is projected on the interface (computation of nV and devV ) and is compared to the failure envelope. 
4 Results 
The methodology is applied on an analogue of a real case. For confidential reasons, real geometry, and material 
definition are not reported here. 
4.1 Model description 
Due to the symmetry of the problem, only one quarter of the geometry is taken into account and the symmetry 
axes are aligned with horizontal principal stresses. The model is rhomboedric with horizontal dimension 3 m x 3 m, 
and 6 km deep (The well bottom is around 5200 meter depth). From logs, five geological units were chosen 
regarding their mechanical properties. The reservoir, which is composed of dolomite, is considered to be the only 
permeable unit. 
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Fig. 4. (left) model geometry (vertical scale 1:1000); (right) zoom on reservoir 
Fig. 5. (left) zoom on reservoir (right) 2D cut for initial stresses computation (4550 m) 
 
The solicitation are changes in pressure and temperature, from an equilibrium state that is the end of the well 
completion. These temperature and pressure changes have to be known at each point in the model (we chose a 
technique of geomechanical modeling forcing also called one-way). 
The solicitation is represented by the injection pressure in the well Pp(t), and the reservoir pressure P(t) (and also 
by the temperature). Ideally, the pressure P(t) prevailing in the reservoir, must be calculated in the model at a 
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reservoir scale by a flow modeler (in Step 1 of the proposed methodology); and the pressure Pp (t), must be 
calculated with a special code for well. 
To know these pressures, some data were available: pressure at the wellhead and pressure downhole, but, as the 
well modeling pressure has not been achieved in the scope of this work, we chose to fix: 
x in the geological reservoir, a uniform pressure change (relative to the initial pressure) measured at the 
perforations, and 
x in the inner casing, a normal force with the same magnitude. 
Stress changes due to temperature variations are not taken into account in this modeling. The temperature 
evolution is however generally important during the drilling, and the cement curing. When the injection temperature 
and the geothermal gradient are known a modeling code can be used to provide the temperature profile along the 
well. 
 
 (a) (b) (c) 
Fig. 6. Schemes representing the stress state computation in the 2D section. (a) Initialisation is done with in situ stresses inside the rock, and 
stress vector load on the boundary. (b) The well is drilled, the pressure is put inside it, and the stresses are modified inside the rock. (c) Casing 
and cement are added – cement is first considered as a viscous fluid, then as an elastic material. 
As we chose to do geomechanical simulations in the elasticity domain and to post-process the simulation results 
in order to compare the final state of stress to the failure envelope, the modeling has been achieved for two key 
events during the well life, starting from end of drilling and beginning of gas production: 
x End of gas production: pressure drop of 45.5 MPa inside the reservoir and the wells, 
x End of CO2 injection: pressure increase of 3 MPa. 
4.2 Initial stress state modeling prior to production (2D model) 
Initial geostatic stress, prior to  drilling, has been provided as function of depth. To compute the stress after the 
drilling and the well completion, a 2D modeling has been performed. In this example, a section at 4550 meter depth 
has been chosen where the stress regime is a strike slip fault one, with ratios of horizontal stresses to the vertical one 
of 0.88 and 1.31.  
A full section of rock is initialized with the geostatic stress, then static equilibrium is performed with the borehole 
drilled, and mud pressure inside the hole, then cement is introduced in the fluid phase, with isostatic stress related to 
its density – the drying is then modeled with the cement material evolving from fluid to solid phase (Various 
modeling have been tested concerning the way to complete the well and the drying of the cement, the adopted 
methodology is described in Fig. 6.). Horizontal principal stresses prior to production is presented in Fig.7 for the 
4550 m depth section. 
Vh
VH
Vh
VH
P
Vh
VH
P
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4.3 Stress variation due to solicitation (3D model) 
A 3D modeling (about 5 millions of cells) has been performed to compute stress changes in the model along the 
borehole. In Fig. 8, principal stresses variations are given on a horizontal section at the reservoir level (4550 m 
depth): the casing encounters mainly a circumferential compression and a small radial elongation. Cement 
encounters small circumferential compression and small radial elongation. Because of the axisymetric solicitation, 
the principal stresses changes remain aligned with radial local system. 
4.4 Post processing results  
Inside bodies, the volumetric stress increment and the deviatoric stress increment (taken from Fig. 8) are added to 
the initial stress state (arrows in Fig. 7). 
x In the casing, the deviator stress remains below the shear yield stress (which is 320 MPa for a N80 grade 
liner – API standard for tubing ; the tensile yield stress is 552 MPa); 
x In the cement, the total stress remains below the cement failure envelope (the taken envelope is one of the 
class G cement); 
x In the dolomite (reservoir), near the cement, the initial stress state is tangent to the dolomite envelope (as a 
Mohr-Coulomb plastic behavior has been chosen), and the increment due to the production let this state being 
below this envelope; 
x On casing/cement interface, the initial state and final one remain below both the casing and cement failure 
envelopes; 
x On cement/dolomite interface, the stress remains below both the cement and dolomite envelopes. 
 
 
Fig. 7. Horizontal principal stresses in the computed 2D section, at the end of completion process. 
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Fig. 8. Principal stresses variations (due to production) in a horizontal section of the 3D poroelastic model, around the well, and at the reservoir 
level (4550 m). 
5 Conclusion 
In this study we focus on the mechanical aspects aiming at evaluating the state of stress at wellbore; a mandatory 
step to assess rock, cement and casing integrity. The solicitation leading to the stress change is considered to be only 
the fluid pressure variation (thermal and chemical effects are not taken in account). A 2D modeling of a horizontal 
reservoir section has been first performed to state on wellbore stresses just after drilling and completion. Then 3D 
modeling is achieved to consider the stress variations. The final state of stress is then compared to the material 
envelop to assess risks. 
 
To go further, the methodology allowing the computation of stress prior to production performed within the 2D 
section, should be set in the 3D model, taking into account temperature changes, and also the interface behavior 
laws. At least the methodology has to integrate also both thermal and chemical effects on material behavior. The 
application of the entire methodology could help in identifying zones that may have been weakened during the well 
life: special attention has to be paid to those locations (through e.g. monitoring). 
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Fig. 9. Stress increments (arrows) in a horizontal section of the 3D poroelastic model, added to initial stress, and at the reservoir level.  
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